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Nuclear Mislocalization of Enzymatically
Active RanGAP Causes Segregation
Distortion in Drosophila
enhanced by several upward modifiers, including En-
hancer of SD [E(SD)], Modifier of SD [M(SD)], and Stabi-
lizer of SD [St(SD)]. The target of Sd and the upward
modifiers is the Responder (Rsp) locus (Ganetzky, 1977;
Wu et al., 1988; Lyttle, 1989; Pimpinelli and Dimitri, 1989).
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Chromosomes with a sensitive Rsp allele (Rsps) are sus-Madison, Wisconsin 53706
ceptible to the action of SD. Conversely, all SD chromo-
somes as well as some SD chromosomes carry an
insensitive allele of Rsp (Rspi), and these chromosomes
Summary are resistant to SD.
The basic mechanism of distortion is sperm dysfunc-
Segregation Distorter (SD) is a meiotic drive system tion: SD-bearing spermatids from a SD/SD male fail
in Drosophila that causes preferential transmission of to develop properly. Electron microscopic studies re-
the SD chromosome from SD/SD males owing to dys- vealed a failure of chromatin condensation in dysfunc-
function of SD spermatids. The Sd locus, which is tional spermatids, which leads to subsequent defects
essential for distortion, encodes a truncated RanGAP in spermatid elongation and maturation (Hartl and Hirai-
(Ran GTPase activating protein), a key nuclear trans- zumi, 1976; Tokuyasu et al., 1977).
port factor. Here, we show that Sd-RanGAP retains To initiate molecular analysis of segregation distor-
normal enzyme activity but is mislocalized to nuclei. tion, we cloned the Sd region (Powers and Ganetzky,
Distortion is abolished when enzymatic activity or nu- 1991; McLean et al., 1994) and showed that Sd was
clear localization of Sd-RanGAP is perturbed. Overex- associated with a tandem duplication that resulted in
pression of Ran or RanGEF (Ran GTPase exchange production of a mutant RanGTPase activating protein
factor) in the male germline fully suppresses distor- (RanGAP), truncated for 234 amino acids at the C termi-
nus (Merrill et al., 1999). Analysis in transgenic fliestion. We conclude that mislocalization of Sd-RanGAP
proved that this truncated RanGAP (Sd-RanGAP) is nec-causes distortion by reducing nuclear RanGTP, thereby
essary and sufficient to cause distortion (Merrill et al.,disrupting the Ran signaling pathway. Nuclear trans-
1999).port of a GFP reporter in salivary glands is impaired
Ran is a small GTPase located predominantly in nu-by SD, suggesting that a defect in nuclear transport
clei. Along with its cofactors, RanGAP and RanGEF (Ranmay underlie sperm dysfunction.
guanine nucleotide exchange factor, also referred to as
RCC1), Ran has been shown to play essential roles in
Introduction nuclear transport (Go¨lich and Kutay, 1999) as well as in
other aspects of nuclear function, including cell cycle
A fundamental principle of Mendelian genetics is the regulation, checkpoint progression, chromatin conden-
equal transmission of both homologs or alleles from sation, mitotic spindle formation, and postmitotic nu-
a heterozygote. Natural selection, which requires that clear envelope assembly (Sazer and Dasso, 2000;
competing alleles receive equal exposure to selective Dasso, 2001; Moore, 2001). Because RanGAP is primar-
ily localized in the cytoplasm whereas RanGEF is pres-forces, also depends on this principle. Nonetheless,
ent only in nuclei, a steep concentration gradient ofmany naturally occurring meiotic drive systems have
RanGTP and RanGDP is believed to exist across thebeen identified in which this principle is regularly vio-
nuclear envelope with RanGTP high in the nucleus andlated by preferential transmission of a particular chro-
RanGDP high in the cytoplasm (Go¨lich et al., 1996; Izaur-mosome or allele. Although meiotic drive systems have
ralde et al., 1997). The mechanism of nuclear importbeen described in fungi, insects, mammals, and plants,
requires that importin  and  associate with RanGDPthe underlying molecular mechanisms are not under-
and with target proteins containing a nuclear localizationstood (Lyttle, 1991).
signal (NLS) for translocation of the complex throughSegregation Distorter (SD) is a naturally occurring mei-
nuclear pores (Go¨lich and Kutay, 1999). On the otherotic drive system on the second chromosome of Dro-
hand, RanGTP promotes export of RNA and proteinssophila melanogaster (Hartl and Hiraizumi, 1976; Temin
containing a nuclear export signal (NES) (Go¨lich andet al., 1990; Lyttle, 1993). The characteristic property of
Kutay, 1999). Thus, maintenance of the RanGTP/RanGDPSD is that SD/SD males transmit the SD chromosome
concentration gradient is essential for nuclear transport.to almost 100% of the progeny. Previous studies
Here, we investigate the molecular mechanism byshowed that several different loci on the SD chromo-
which a mutant RanGAP is able to cause the phenotypesome are required to cause distortion (Sandler and Hirai-
of distortion. We show that Sd-RanGAP retains essen-zumi, 1960; Hartl and Hiraizumi, 1976; Ganetzky, 1977;
tially normal enzymatic activity but is mislocalized toHiraizumi et al., 1980; Temin et al., 1990). The primary
nuclei and that this mislocalization is responsible forlocus is Sd, a dominant neomorphic mutation whose
distortion. Moreover, we show that germline overex-activity is essential for distortion. The effect of Sd is
pression of Ran or RanGEF suppresses distortion, indi-
cating that reduction of nuclear RanGTP is the primary
cause of distortion. Finally, by use of a GFP reporter1 Correspondence: ganetzky@facstaff.wisc.edu
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construct in salivary gland cells, we uncovered a defect
in nuclear transport associated with SD, suggesting that
a nuclear transport defect may lead to the failed chroma-
tin condensation that underlies sperm dysfunction and
segregation distortion. On the basis of these studies, we
can finally begin to understand the cellular mechanisms
responsible for one well-defined example of meiotic
drive.
Results
Truncated RanGAP Encoded by Sd Retains
Normal Enzymatic Activity
Our previous demonstration that Sd encodes a trun-
cated RanGAP deleted for the C-terminal 234 amino
acids (Merrill et al., 1999) immediately raises the ques-
tion of how this altered protein causes the observed
phenotype. Studies of yeast RanGAP suggested that
the C-terminal domain is essential for enzyme activity
(Haberland et al., 1997). If this were true for Drosophila
RanGAP, Sd-RanGAP would lack activity. Yet, genetic
analysis demonstrates that Sd behaves as a dominant
neomorphic mutation (Ganetzky, 1977). Thus, to investi-
gate the basis of distortion, we first assayed enzymatic
activity of Sd-RanGAP. To measure stimulation of Ran
GTPase, bacterially expressed Ran bound to -32P[GTP]
Figure 1. In Vitro Assays of RanGAP Activity
was incubated with bacterially expressed wild-type or
Purified, bacterially expressed Drosophila Ran was bound to 32P-
Sd-RanGAP, and loss of radiolabeled -phosphate was labeled GTP and then incubated in reaction buffer with 0.1 nM puri-
monitored (Figure 1A). Intrinsic GTPase activity of Ran fied, bacterially expressed Drosophila RanGAP to measure stimula-
is low but addition of wild-type RanGAP results in sub- tion of Ran GTPase activity.
(A) Comparison of wild-type RanGAP with Sd-RanGAP shows thatstantial stimulation (Figure 1A). Similar stimulation is
the truncated Sd-RanGAP retains essentially normal activity. Controlobserved upon addition of Sd-RanGAP but not in control
incubations are with addition of buffer alone or with addition fromincubations (Figure 1A). Thus, despite its large C-termi-
bacterial extracts containing the empty pQE30 vector.
nal truncation, Sd-RanGAP retains essentially normal (B) Comparison of Sd-RanGAP with derivatives containing single
enzymatic activity. amino acid replacements in the Sd-RanGAP sequence. Activity of
Sd-RanGAP, R87A and Sd-RanGAP, D241A were indistinguishable
from the buffer control, whereas Sd-RanGAP, E189A had intermedi-
Sd-RanGAP Is Mislocalized to Nuclei ate activity.
If Sd-RanGAP has normal enzymatic activity, what as-
pect of its function is aberrant? The subcellular distribu-
tion of RanGAP is essential to its function in vivo. RanGAP
that the subcellular distribution of Sd-RanGAP could be
is localized in the cytoplasm, at the periphery of the
altered.
nuclear envelope (Izaurralde et al., 1997; Mahajan et al.,
To investigate this, we carried out immunolocalization1997; Matunis et al., 1998). The cytoplasmic localization
studies of wild-type and Sd-RanGAP (Figure 2). A poly-of RanGAP establishes a RanGTP/RanGDP gradient
clonal antiserum raised against wild-type Drosophilaacross the nuclear envelope, which is critical in de-
RanGAP recognizes both the normal and mutant ver-termining the directionality of transport (Go¨lich et al.,
sions of the protein (Merrill et al., 1999). To specifically1996). Localization of RanGAP at nuclear pores requires
identify Sd-RanGAP, we generated a transgenic line thatposttranslational addition of a small, ubiquitin-like mole-
expresses this protein with an HA epitope appended atcule, SUMO (Melchior, 2000). The SUMO modification
its C terminus (Sd-RanGAP-HA). Sd-RanGAP-HA causessite in vertebrate RanGAPs maps to a K residue in the
high levels of distortion (k 0.860 0.03; see Table 2). InC terminus (Mahajan et al., 1998). This corresponds to
primary spermatocytes, wild-type RanGAP is primarilyK534 in Drosophila RanGAP, which is deleted in Sd-
localized at the outer periphery of the nuclear envelope,RanGAP. Studies in yeast also suggest that the cyto-
presumably in association with nuclear pores, as in otherplasmic localization of RanGAP depends on a dynamic
organisms (Figures 2A and 2B). Sd-RanGAP-HA has aequilibrium in which the protein shuttles in and out of
markedly different distribution (Figures 2C and 2D). Thethe nucleus. This equilibrium apparently depends on a
protein is distributed diffusely throughout the cytoplasmnovel type of nuclear localization sequence (NLS) and
of primary spermatocytes rather than closely associatedtwo nuclear export sequences (NESs) located in evolu-
with the nuclear envelope. In addition, we observed ationarily conserved portions of yeast RanGAP (Feng et
subset of cells with distinct staining of Sd-RanGAPal., 1999). Amino acid alignment of yeast and Drosophila
within nuclei. Thus, the subcellular distribution of Sd-RanGAP suggests that Sd-RanGAP retains the NLS but
lacks one of the NESs. These considerations suggested RanGAP in primary spermatocytes is aberrant.
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To determine whether the aberrant subcellular distri-
bution of Sd-RanGAP could be seen in other cells, par-
ticularly cells more suited for detailed analysis, we also
examined the distribution of wild-type and Sd-RanGAP
in salivary gland cells with their giant polytene nuclei. As
in primary spermatocytes, wild-type RanGAP in salivary
gland cells predominantly localizes to the nuclear enve-
lope, whereas the Sd-RanGAP-HA is diffuse in the cyto-
plasm with a distinct nuclear component as well (Figures
2E–2H). The differential distribution of wild-type and Sd-
RanGAP can be readily observed when salivary gland
cells expressing both proteins are stained with the anti-
RanGAP antiserum that recognizes both proteins (Fig-
ures 2I and 2J). We conclude that truncation of the C
terminus of Sd-RanGAP significantly disrupts its subcel-
lular distribution resulting in nuclear mislocalization of
this protein. Furthermore, because the subcellular local-
ization of wild-type and Sd-RanGAP in salivary gland
cell nuclei parallels that in primary spermatocytes, in
subsequent experiments we have utilized the giant nu-
clei of salivary gland cells for our analyses.
Distortion Requires Active Sd-RanGAP
within the Nucleus
The ectopic nuclear localization of Sd-RanGAP provides
a plausible explanation for the neomorphic activity of
Sd. If nuclear Sd-RanGAP is indeed responsible for dis-
tortion, it may simply be a consequence of the mislocal-
ized protein engaging in inappropriate protein-protein
interactions. In this case, distortion would depend only
on the ectopic localization of Sd-RanGAP, but its enzy-
matic activity would not be required. Alternatively, dis-
tortion may depend on the nuclear presence of an enzy-
matically active Sd-RanGAP.
To distinguish these possibilities, we used site-
directed mutagenesis to create modified Sd-RanGAPs
lacking enzymatic activity. The residues chosen for mu-
tagenesis were based on studies of yeast and human
RanGAPs. In S. pombe RanGAP, R74, corresponding to
R87 of the Drosophila protein, is essential for activity
(Hillig et al., 1999). In human RanGAP, E193 and D245,
corresponding respectively to E189 and D241 of the
Drosophila protein, are required for activity (Haberland
and Gerke, 1999). We mutated the corresponding resi-
dues in Sd-RanGAP to A and assayed enzyme activity
in vitro. The R87A and D241A mutations render Sd-
Figure 2. Nuclear Mislocalization of Sd-RanGAP in Primary Sper- RanGAP inactive (Figure 1B). The E189A mutation
matocytes and Salivary Gland Cells causes a substantial reduction in activity of Sd-RanGAP
(A–J) Immunolocalization of wild-type RanGAP or Sd-RanGAP-HA but does not eliminate it completely (Figure 1B).
with anti-RanGAP or anti-HA antibodies, respectively. Confocal im- Transgenic lines were generated for the mutated Sd-
ages show antibody staining (green) on the left and propidium iodide
RanGAP constructs, and protein expression in testesstaining of chromatin (blue) on the right.
was confirmed by Western blot analysis (Figures 3A(A and B) Primary spermatocytes from wild-type males.
and 3B). A 66 kDa band, corresponding to wild-type(C and D) Primary spermatocytes from distorting males expressing
the Sd-RanGAP-HA transgene. RanGAP, was present in all transgenic and control lines.
(E and F) Salivary gland cells from wild-type males. A second band, close to 40 kDa, corresponding to the
(G and H) Salivary gland cells from distorting males expressing the truncated RanGAP, was detected in transgenic lines
Sd-RanGAP-HA transgene.
that express Sd-RanGAP or its derivatives. Most of the(I and J) Salivary gland cells from distorting males expressing the
transgenic lines for the site-directed mutant versions ofSd-RanGAP-HA transgene stained with anti-RanGAP antibody to
Sd-RanGAP have levels of expression equivalent to theshow localization of wild-type versus Sd-RanGAP in the same cells.
Scale bars: 5 m (A–D); 50 m (E–J). transgenic line expressing native Sd-RanGAP. In addi-
tion, we confirmed that nuclear mislocalization was re-
tained for the mutated Sd-RanGAPs by immunostaining
of salivary gland nuclei (data not shown).
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is insufficient to cause distortion. Rather, distortion re-
quires that the nuclear mislocalized Sd-RanGAP be en-
zymatically active.
In contrast with the results for the R87A and D241A
mutants, which completely abolished RanGAP activity,
transgenic lines expressing the E189A mutant, which
reduced but did not abolish RanGAP activity, still caused
high levels of distortion (Table 1, rows 7 and 8). This
result indicates that even modest levels of nuclear Ran-
GAP activity are sufficient to cause distortion.
Export of Sd-RanGAP from the Nucleus
Eliminates Distortion
To further test the hypothesis that nuclear mislocaliza-
tion of enzymatically active Sd-RanGAP is responsible
for distortion, we generated Sd-RanGAP derivatives that
were exported from nuclei and examined their effects
on distortion. For this purpose, we appended a func-
tional wild-type NES at the N terminus of Sd-RanGAP
(NES-Sd-RanGAP-HA). As a control, we generated a
similar construct appended with a mutated NES (NESP12-
Sd-RanGAP-HA) that has lost export activity (Wen et al.,
1995). Both of these constructs also express proteins
with an HA epitope appended to the C terminus (Figure
3C). Western blots of testes proteins from transgenic
flies for either of these constructs showed comparable
expression of Sd-RanGAP-HA (Figure 3C). The subcellu-
lar distribution of Sd-RanGAP in the various transgenic
lines was assayed in salivary glands by immunohisto-
chemistry. In contrast with the usual localization of Sd-
RanGAP-HA, NES-Sd-RanGAP-HA is widely distrib-
uted in the cytoplasm with only trace amounts in nucleiFigure 3. Western Blot Analysis of Testes from Transgenic Flies
(Figures 4A and 4B). Thus, NES caused efficient trans-Expressing Sd-RanGAP or One of Its Derivatives
port of Sd-RanGAP from nuclei. However, as expected,(A) Anti-RanGAP antibody was used to detect expression of wild-
type (66 kDa) and Sd-RanGAP (40 kDa). Lanes 1 and 2: Two indepen- NESP12 failed to promote nuclear export of NESP12-Sd-
dent transgenic lines expressing Sd-RanGAP R87A. Lanes 3 and 4: RanGAP-HA, and the protein remained primarily nuclear
Two independent transgenic lines expressing Sd-RanGAP D241A. (Figures 4C and 4D).
Lane 5: Transgenic line expressing the standard Sd-RanGAP con- Distortion caused by these constructs was measured
struct. Lane 6: Control TM3 strain lacking an Sd transgene.
in several independently generated transgenic lines (Ta-(B) Anti-RanGAP antibody was used to detect expression of Sd-
ble 2). NESP12-Sd-RanGAP-HA caused high levels of dis-RanGAP in two independent transgenic lines expressing the E189A
construct (lanes 1 and 2) compared with expression of the standard tortion comparable to those caused by unmodified Sd-
Sd-RanGAP construct (lane 3). RanGAP (Table 2, compare row 2 with rows 6 and 7).
(C) Anti-HA antibody was used to detect expression of Sd-RanGAP- In contrast, no distortion was detected in the NES-Sd-
HA proteins appended with a nuclear export sequence. Top: Struc- RanGAP-HA lines (Table 2, rows 3–5). Thus, we conclude
ture of Sd-RanGAP derivatives containing a normal (NES) or mutant
that nuclear localization of enzymatically active Sd-Ran-(NESP12) nuclear export sequence appended at the N terminus and
GAP is required to cause distortionan HA epitope tag appended at the C terminus. Lanes 1–3: Three
independent lines expressing an NES-Sd-RanGAP-HA transgene.
Lanes 4 and 5: Two independent lines expressing an NESP12-Sd- Distortion Requires Reduction of Nuclear
RanGAP-HA transgene. RanGTP Concentration
How does nuclear RanGAP activity lead to distortion?
Does the ectopic localization of Sd-RanGAP impinge
Having demonstrated that the mutated Sd-RanGAPs directly on the normal operation of the Ran cycle or
are expressed at appropriate levels in testes and are does it interfere with some other nuclear process via an
mislocalized to nuclei, we tested their ability to cause unrelated mechanism? A key aspect of the Ran regula-
distortion (Table 1). Transgenic flies expressing native tory pathway is the steep concentration gradient of
Sd-RanGAP show high levels of distortion against target RanGTP across the nuclear envelope owing to the cyto-
chromosomes bearing either a supersensitive (Rspss) or plasmic localization of RanGAP and the nuclear localiza-
sensitive (Rsps) Rsp (Table 1, row 2). In contrast, two tion of the exchange factor, RanGEF. Thus, if Sd does
transgenic lines expressing the R87A mutant and two exert its effect through the Ran pathway, a primary con-
expressing the D241A mutant have k values close to 0.5 sequence of nuclear Sd-RanGAP should be a marked
against Rspss or Rsps chromosomes and thus show no reduction in the RanGTP concentration gradient. If so,
evidence of distortion (Table 1, rows 3–6). These results we predicted that it should be possible to manipulate
other components of the Ran pathway to counteract thedemonstrate that nuclear mislocalization of Sd-RanGAP
Nuclear RanGAP Causes Segregation Distortion
355
Table 1. Enzymatically Active Sd-RanGAP Is Necessary to Cause Segregation Distortion
Rspss Homolog Rsps Homolog
Transgene k value n k value n
— 0.524  0.035 1483 0.510  0.038 1268
Sd-RanGAP 1.0  0.000 938 0.993  0.006 1300
Sd-RanGAP R87A 0.473  0.068 1275 0.503  0.032 1283
” 0.473  0.073 1169 0.515  0.035 848
Sd-RanGAP D241A 0.511  0.034 975 0.496  0.063 1146
” 0.484  0.074 949 0.559  0.050 1329
Sd-RanGAP E189A 0.996  0.006 1070 0.956  0.031 1452
” 1.0  0.000 1226 0.981  0.012 1360
Segregation ratios were determined in males carrying functionally active or inactive Sd-RanGAP transgenes. Each row represents an indepen-
dent insertion line. The k values are calculated from the proportion of the total offspring (n) that receive the Rspi chromosome when it is
segregating from either a Rspss homolog or a Rsps homolog. See Experimental Procedures for detailed description of genetic crosses.
effects of Sd and suppress distortion. In particular, if distortion against Rspss as well as Rsps targets. Distor-
tion caused by an Sd-RanGAP transgene was also com-distortion involved a reduction in the RanGTP concen-
tration gradient because of nuclear RanGAP activity, over- pletely suppressed (data not shown). These results
strongly indicate that distortion is operating via disrup-expression of Ran or RanGEF should suppress distortion
by contributing to an increase in the nuclear RanGTP con- tion of the normal Ran signaling pathway and that this
disruption involves reduction in the concentration ofcentration thereby offsetting the effects of Sd.
To test these predictions, we generated transgenic nuclear RanGTP.
lines expressing cDNAs encoding Drosophila Ran or
RanGEF. The 2-tubulin promoter was used to drive Distortion May Involve a Defect
in Nuclear Transporthigh levels of expression in a male germline-specific
manner (Hoyle and Raff, 1990; Hoyle et al., 1995). The To test our conclusion that Sd perturbs the Ran signaling
pathway, we sought more direct evidence that a biologi-effect of germline overexpression of Ran and RanGEF
was determined by crossing the transgenes into other- cal activity regulated by this pathway was impaired.
Recent studies have shown that the Ran pathway regu-wise strongly distorting backgrounds and measuring k
values. The results were striking (Table 3). Overexpres- lates multiple nuclear functions, including progression
through the cell cycle, mitotic spindle formation, nuclearsion of either Ran or RanGEF completely suppressed
envelope assembly, and nuclear transport (Nishitani et
al., 1991; Carazo-Salas et al., 1999; Ohba et al., 1999;
Wilde and Zheng, 1999; Zhang and Clarke, 2000; Hetzer
et al., 2000; Sazer and Dasso, 2000; Moore, 2001). Of
these, regulation of nuclear transport is the function that
has been most intensively studied and best character-
ized (Go¨lich and Kutay, 1999). For this reason, and be-
cause meiosis itself proceeds normally in distorting
males with no evidence for disruption of spindles or the
nuclear envelope, we investigated the possibility that
nuclear transport is perturbed by SD.
Table 2. Nuclear Localization of Sd-RanGAP Is Necessary to
Cause Segregation Distortion
Rspss Homolog
Transgene k value n
— 0.524  0.035 1483
Sd-RanGAP-HA 0.860  0.030 1687
NES-Sd-RanGAP-HA 0.543  0.052 1292
” 0.538  0.057 1111
” 0.534  0.051 1215
Figure 4. Subcellular Localization of NES-Appended RanGAP De- NESP12-Sd-RanGAP-HA 0.876  0.031 1280
rivatives ” 0.859  0.046 1028
(A–D) Anti-HA antibody was used for immunolocalization of Ran- Segregation ratios were determined in males expressing an Sd-
GAP-HA constructs in salivary gland cells. Fluorescence micros- RanGAP transgene appended with a functional (NES) or nonfunc-
copy images show antibody staining (green) on the left and DAPI tional (NESP12) NES element. Each row represents an independent
staining of chromatin (blue) on the right. insertion line. The k values are calculated from the proportion of
(A and B) Immunolocalization of the NES-Sd-RanGAP-HA con- the total offspring (n) that receive the Rspi chromosome when it is
struct containing a wild-type NES sequence. segregating from a Rspss homolog. See Experimental Procedures
(C and D) Immunolocalization of the NESP12-Sd-RanGAP-HA con- for detailed description of genetic crosses.
struct containing a mutated NES sequence. Scale bar: 50 m.
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Table 3. Germline Overexpression of Ran or RanGEF Suppresses Segregation Distortion
Transgenes SD-5/Rspss SD-Roma/Rspss SD-5/Rsps SD-Roma/Rsps
— 1.0  0.0 0.951  0.061 0.992  0.007 0.809  0.086
(n  1089) (n  1444) (n  1503) (n  1268)
2-Ran 0.505  0.042 0.459  0.030 0.505  0.042 0.528  0.023
(n  1961) (n  1722) (n  1578) (n  1638)
” 0.553  0.029 0.489  0.041 0.466  0.034 0.469  0.021
(n  1251) (n  1588) (n  1626) (n  1417)
2-RanGEF 0.533  0.050 0.527  0.042 0.515  0.040 0.506  0.053
(n  1044) (n  987) (n  1144) (n  882)
” 0.541  0.075 0.484  0.047 0.509  0.037 0.505  0.078
(n  788) (n  834) (n  759) (n  759)
Segregation ratios were determined in SD/Rspss and SD/Rsps males containing transgenes for Ran or RanGEF expressed from the 2-tubulin
promotor. Each row represents an independent insertion line. The k values are calculated from the proportion of the total offspring (n) that
receive the SD (Rspi) chromosome when it is segregating from either a Rspss homolog or a Rsps homolog. See Experimental Procedures for
detailed description of genetic crosses.
To assay nuclear transport, we used a UAS-GFP re- with a single amino acid alteration in Sd-RanGAP, NLS-
NES-GFP was still localized in nuclei, as in the originalporter construct appended with an NLS and an NES at
the N terminus. Two versions of this construct were parental strain, even though this revertant does not
cause distortion (Figures 5K and 5L). Conversely, in SD-used, one with a wild-type NLS and NES (UAS-NLS-
NES-GFP) and the other with the same NLS but a mu- Roma, which causes distortion with k values greater
than 0.90, nuclear localization of NLS-NES-GFP wastant NES (UAS-NLS-NESP12-GFP) (Stade et al., 1997).
Expression of these constructs was driven by Act5C- weaker than in SD-5 or SD-Mad, although still more
pronounced than in wild-type (Figures 5M and 5N). Rea-GAL4 in transgenic flies, and distribution of the GFP
signal was examined in salivary gland cells. As noted sons for this lack of a complete correlation are consid-
ered in the Discussion. We conclude that the presencepreviously, activity of the NES is stronger than that of
the NLS (Stade et al., 1997). Thus, as expected, in a of active RanGAP within the nucleus does impair some
aspect of the Ran signaling pathway and that this impair-nondistorting background, the expressed NLS-NES-
GFP is localized primarily in the cytoplasm and around ment is likely to involve a defect in nuclear transport.
the nuclear envelope (Figures 5A and 5B). Conversely,
in the same background, NLS-NESP12-GFP, which has Discussion
impaired nuclear export, is found mainly in nuclei (Fig-
ures 5C and 5D). The distribution of NLS-NESP12-GFP Although segregation distortion has been an intriguing
subject of study for over 40 years (Sandler et al., 1959),was not detectably different in an SD background com-
pared with the nondistorting background (Figures 5G the molecular mechanism has remained elusive. The
finding that Sd encodes a mutant form of RanGAP wasand 5H). However, we did observe a striking difference
in the distribution of NLS-NES-GFP in an SD back- an important advance because it allowed formulation
and testing of specific molecular hypotheses (Merrillground. In contrast with the cytoplasmic distribution of
the signal in a nondistorting background, it was predom- et al., 1999). Here, we have extended those studies to
elucidate how the altered RanGAP could cause distor-inantly nuclear in an SD-Mad background (Figures 5E
and 5F). We observed the same results in an SD-5 back- tion. Our results demonstrate that the truncated Ran-
GAP encoded by Sd retains nearly normal enzyme activ-ground (data not shown). These results demonstrate a
defect in nuclear transport in SD salivary gland cells. ity and that nuclear mislocalization of this active protein
is ultimately responsible for distortion. We propose thatTo further investigate the relationship between distor-
tion and nuclear transport, we used the same assay to distortion is likely to depend, at least in part, on a defect
in nuclear transport.examine several other genotypes. SD-MadER2 is a re-
vertant of SD-Mad that has completely lost the ability
to distort. Loss of distortion is due to a single amino acid Enzyme Activity of Sd-RanGAP
The nearly normal enzyme activity of Sd-RanGAP wassubstitution in Sd-RanGAP that causes a substantial
reduction in enzyme activity and in levels of expression somewhat surprising because it was reported that dele-
tion of the C-terminal acidic region of yeast RanGAP(our unpublished data). In contrast with the parental SD-
Mad background where NLS-NES-GFP was retained results in loss of activity (Haberland et al., 1997). The
234 amino acids deleted from the C terminus of Sd-within the nucleus, in SD-MadER2, NLS-NES-GFP is lo-
calized primarily in the cytoplasm just as in the nondis- RanGAP includes part of this acidic region (Merrill et al.,
1999). Nonetheless, retention of activity by Sd-RanGAPtorting controls (Figures 5I and 5J). The results with
this revertant further demonstrate a correlation between is consistent with genetic evidence that Sd behaves as
a dominant neomorphic mutation. It is also consistentdistortion and a defect in nuclear transport.
However, the interpretation is complicated by obser- with other structure function studies of yeast and human
RanGAPs showing that the amino acids essential forvations in other genetic backgrounds where we did not
find a complete correlation between distortion and a activity reside in the leucine-rich repeats (LRRs) at the
N terminus or in the regions between the LRRs ratherdefect in nuclear transport in salivary gland cells. For
example, in SD-MadER5, another revertant associated than in the acidic region (Haberland and Gerke, 1999;
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Figure 5. Assays of Nuclear Transport in Sali-
vary Gland Cells
(A–N) Localization of a GFP reporter con-
struct appended with an NLS and either a
wild-type (NES) or a mutant (NESP12) nuclear
export sequence. For each pair of fluores-
cence images, the GFP signal (green) is
shown on the left and DAPI-stained chroma-
tin (blue) is shown on the right.
(A and B) Localization of NLS-NES-GFP in
SD salivary gland cells. Note the predomi-
nant cytoplasmic localization of GFP.
(C and D) Localization of NLS-NESP12-GFP in
SD salivary gland cells. With this construct,
the GFP is localized primarily in nuclei.
(E and F) Localization of NLS-NES-GFP in
SD-Mad salivary gland cells. In this back-
ground, the GFP is predominantly in nuclei
rather than in the cytoplasm as in (A) and (B),
indicating a defect in nuclear transport.
(G and H) Localization of NLS-NESP12-GFP in
SD-Mad salivary gland cells. GFP is localized
primarily in nuclei as in SD cells.
(I and J) Localization of NLS-NES-GFP in
SD-MadER2 cells. In contrast with the results
for SD-Mad, the GFP in the revertant strain
is found primarily in the cytoplasm as in SD
cells.
(K and L) Localization of NLS-NES-GFP in
SD-MadER5 cells. Although this revertant
strain does not cause distortion, GFP is still
localized primarily in nuclei as in the original
SD-Mad strain.
(M and N) Localization of NLS-NES-GFP in SD-
Roma salivary gland cells. Scale bar: 50 m.
Hillig et al., 1999). Sd-RanGAP retains all eleven LRRs dynamic developmental changes, the nuclear localiza-
tion of Sd-RanGAP is transitory and not readily detect-found in RanGAPs from other species. Thus, our results
able at all stages. In salivary glands, the nuclear localiza-support the conclusion that the entire acidic region of
tion is stable and constant. Studies of yeast RanGAPRanGAP is not essential for enzyme activity. Deletion of
(Rna1p) suggest a plausible mechanism to explain nu-the C-terminal region of yeast RanGAP may result in loss
clear mislocalization of Sd-RanGAP. The cytoplasmicof activity through indirect effects on protein stability or
localization of Rna1p appears to be the outcome of aconformation.
dynamic equilibrium, mediated by a novel type of NLS
and two NESs that shuttle Rna1p between nucleus and
cytoplasm (Feng et al., 1999). The NLS and NES se-Mislocalization of Sd-RanGAP
quences are located in regions of the protein that areThe C-terminal deletion of Sd-RanGAP does have pro-
evolutionarily conserved with RanGAPs from other spe-found effects on its subcellular distribution. Although
cies including Drosophila. Alignment of the yeast andwild-type Drosophila RanGAP is localized at the outer
Drosophila sequences suggests that Sd-RanGAP re-periphery of the nuclear envelope, as in other organisms,
tains the NLS but lacks one of the NESs. Consequently,the distribution of Sd-RanGAP differs from normal in
export of Sd-RanGAP from the nucleus could be im-two respects. First, Sd-RanGAP does not localize to
paired, resulting in nuclear accumulation. Moreover, thethe nuclear envelope but instead is distributed diffusely
activities of the NLS and the NESs could be regulated
throughout the cytoplasm. We attribute this diffuse cyto-
in response to a variety of developmental cues such
plasmic distribution to deletion of the SUMO modifica- that the amount of nuclear Sd-RanGAP could vary at
tion site. In other systems, RanGAP is a primary target different stages and in different tissues. Even within
of SUMO modification, which is necessary for its local- nuclei, the distribution of Sd-RanGAP appears dynamic,
ization to nuclear pores (Mahajan et al., 1997; Matunis at least in primary spermatocytes. In these nuclei, we
et al., 1998). Our results indicate that this modification have observed both a diffuse distribution of Sd-RanGAP
is also required for normal localization of Drosophila not associated with chromatin as well as discrete
RanGAP although direct biochemical evidence for masses of RanGAP staining that coincide with the con-
SUMO modification is lacking. densed chromosomes. In salivary glands, nuclear Sd-
The second way in which distribution of Sd-RanGAP RanGAP appears to be associated with the polytene
is altered is that there is a clearly detectable nuclear chromosomes. The basis of these differences in nuclear
component in primary spermatocytes and in salivary distribution and the nature of the chromosome associa-
tion are currently unknown.gland cells. In spermatocytes, which are undergoing
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The fact that site-directed mutations that abolish Ran- Still, we cannot rule out the possibility that a defect in
GAP activity eliminate distortion provides strong evi- another of Ran’s functions, either alone or in combina-
dence that nuclear mislocalization of RanGAP by itself tion with a defect in transport, is ultimately responsible
is insufficient to cause distortion. The conclusion that for distortion. It will be necessary to assay nuclear trans-
distortion requires active RanGAP within the nucleus is port directly in spermatids at the time of dysfunction to
further supported by the loss of distortion when an ac- resolve these possibilities.
tive NES is appended to Sd-RanGAP, forcing it to redis-
tribute to the cytoplasm. Absence of Sd-Associated Somatic Phenotypes
Overexpression of Ran or RanGEF in the male germ- Although we have not examined this, we presume that
line fully suppressed distortion. These results are readily Sd-RanGAP shows nuclear localization in other somatic
interpretable only if nuclear Sd-RanGAP exerts its ef- cells as it does in salivary gland cells. This raises the
fects through disruption of the Ran pathway and not question of why SD flies manifest no overt somatic phe-
via some novel route. Increased expression of Ran or notypes. We have no definitive answer to this puzzle,
RanGEF is expected to increase the steady-state levels but we believe it must indicate that there are no profound
of nuclear RanGTP, which would counteract the pre- perturbations in nuclear transport in somatic cells and
dicted consequences of active Sd-RanGAP in nuclei. that spermatids are much more sensitive than somatic
This result focuses attention on perturbation of the Ran cells to perturbations in Ran signaling. This idea is sup-
signaling pathway as the primary basis of distortion. ported by overexpression experiments with Sd-RanGAP.
Even when Sd-RanGAP is expressed at levels 20-fold
A Defect in Nuclear Transport as the Basis higher than normal in somatic cells, there are no observ-
of Distortion? able phenotypic consequences. In contrast, similar lev-
The first visible defect in spermatid development in dis- els of overexpression of Sd-RanGAP in the male germ-
torting males is failure of chromatin condensation at the line cause complete sterility (our unpublished data). One
time of elongation (Tokuyasu et al., 1977). The mecha- reason for this difference could be the extraordinarily
nism that achieves the extreme chromatin compaction compacted sperm nuclei, which are very different from
in spermatids is unknown, but in most organisms it in- those in any other cell type at any other stage of develop-
volves replacement of somatic histones with sperm- ment (Fuller, 1993). Perhaps the unknown events re-
specific histones and protamines (Ausio, 1999). Early quired to bring about nuclear transformation in sperma-
cytochemical evidence revealed a block in the histone tids are especially sensitive to perturbations in the Ran
transition in the dysfunctional spermatids in distorting pathway.
males (Hauschteck-Jungen and Hartl, 1982). Although
little or no transcription is thought to occur at this stage The Role of Rsp
(Fuller, 1993), execution of the histone transition could The major puzzle that must be resolved to fully under-
require export of previously synthesized mRNAs and stand the mechanism of distortion is why expression of
import of proteins such as protamines or essential regu- Sd-RanGAP in distorting males specifically causes the
latory factors. Disruption of nuclear transport could thus dysfunction of spermatids bearing Rsps or Rspss but not
lead to a defect in chromatin condensation.
Rspi. Although the experiments presented here do not
In fact, our transport assays in salivary glands re-
specifically address this question, we envisage two gen-
vealed a defect in nuclear transport in SD flies. In SD-
eral possibilities in the context of our present results.MadER2, a revertant associated with a point mutation in
One possibility is that following meiosis, nuclear Sd-the Sd-RanGAP sequence that causes complete loss of
RanGAP is preferentially sequestered in Rsps or Rspssdistortion, nuclear transport is also restored to normal.
but not Rspi nuclei. Thus, only those nuclei in which Sd-Thus, there was a good correlation between distorting
RanGAP is mislocalized will fail to undergo chromatinactivity and defects in nuclear transport. However, this
condensation with consequent sperm dysfunction. Acorrelation was not perfect in other distorting and non-
second possibility is that both classes of haploid nucleidistorting genotypes that we examined. Nonetheless,
have an impairment in nuclear function, such as a deficitwe believe that a defect in nuclear transport in spermatid
in nuclear transport. However, the presence in half thenuclei is likely to be involved in the mechanism of distor-
nuclei of an additional large block of heterochromatin,tion. The lack of complete correlation between transport
corresponding to Rsps or Rspss (Wu et al., 1988; Pimpi-defects assayed in salivary gland nuclei and occurrence
nelli and Dimitri, 1989), perhaps imposes an added liabil-of sperm dysfunction may be due to several factors.
ity on those nuclei. For example, a defect in nuclearFirst, the exact mechanism of nuclear transport in sali-
transport could result in reduced nuclear concentrationvary glands might differ from that of spermatids at the
of a factor(s) essential for chromatin condensation. Thistime of dysfunction. Certain aspects of nuclear transport
factor could be preferentially bound and titrated by Rspscould be under precise regulation in spermatids and
or Rspss, leaving insufficient amounts to condense allaffected differently than in salivary glands. In addition,
the chromatin within the nucleus. At the present time,the perturbation threshold required for eliciting a defect
it is not possible to distinguish between these or otherin nuclear transport of the NLS-NES-GFP reporter in
alternative possibilities to explain the asymmetric ef-salivary gland cells may be very different from that re-
fects of Sd on sperm dysfunction.quired to impair chromatin condensation in spermatids.
Although important issues remain to be elucidated,Second, the NLS-NES-GFP is an artificial construct
segregation distortion is no longer a completely mysteri-whose behavior may not entirely parallel that of endoge-
ous phenomenon but rather one that can be understood,nous substrates, including some that may be male germ-
line specific and presumed to be the key targets of Sd. at least in broad outline, within the context of known
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LB containing appropriate antibiotics and shaken at 37C untilcellular and molecular mechanisms that are subject to
OD600  0.6. Expression was induced with 0.2 mM isopropyl -D-specific, testable hypotheses. Complete understanding
thiogalactoside (Sigma). After 3 hr of shaking, cells were harvestedof segregation distortion will not only resolve this intrigu-
by centrifugation for 20 min at 2,000	g. The cells were resuspended
ing phenomenon but should also provide a unique win- on ice in HEPES buffer (0.1 M HEPES [pH 7.0] and 1.5 M NaCl)
dow on novel aspects of the Ran signaling pathway, containing PMSF (0.5 mM), aprotinin (2 g/ml), leupeptin (2 g/ml),
and pepstatin (2g/ml). Cells were sonicated twice for 45 s followedwhich is central to the function of all cells.
by a 30 min centrifugation at 27,000 	 g at 4C. The supernatant
was incubated with Ni-NTA beads (Qiagen) for 30 min at 4C on aExperimental Procedures
rotator. Beads were washed three times with HEPES buffer. Recom-
binant proteins were eluted in increasing imidazole fractions andFly Stocks and Crosses
dialyzed against HEPES buffer overnight at 4C.Flies were maintained on standard medium at 25C.
SD-5, SD-Roma, and SD-Mad have been previously described
RanGAP Assay(Hartl and Hiraizumi, 1976; Temin, 1991).
Measurements of RanGAP activity were modified from Bischoff etSD-5R7 is a -ray-induced revertant of SD-5 (Ganetzky, 1977; Pow-
al. (1994). Briefly, 10 M of purified Ran was incubated for 30 miners and Ganetzky, 1991). SD-MadER2 and SD-MadER5 are EMS-
at 25C with 20 M [-32P]GTP (30 Ci/mmol; 1 Ci  37 GBq) ininduced revertants of SD-Mad. These revertants have single amino
exchange buffer (20 mM HEPES [pH 7.5], 20 mM EDTA, and 2 mMacid changes in Sd-RanGAP (our unpublished data).
DTT). The buffer was changed to reaction buffer (20 mM HEPESSD chromosomes have the genotype Sd E(SD) M(SD)
[pH 7.5], 5 mM MgCl2, 0.05% hydrolyzed gelatin, and 2 mM DTT)St(SD). The specific Rsp allele present depends on the particular
on a NAP-5 column (Pharmacia). To measure RanGAP activity, 0.1chromosome. cn bw and lt pk cn are the standard Rsps and Rspss
nM of wild-type RanGAP, Sd-RanGAP, its derivatives, or buffer con-chromosomes, respectively. TM3 is a multiply inverted third chromo-
trol was added to 300l of 3.3M Ran [-32P]GTP. Forty-five microli-some balancer marked with Sb. For descriptions of all standard
ter aliquots of the reaction mixture were removed after 0–60 min atchromosomes and markers, see Lindsley and Zimm (1992).
25C and immediately added into 2 ml of ice-cold stop buffer (20Segregation ratios were measured as in McLean et al. (1994). k
mM Tris-HCl [pH 7.5], 25 mM MgCl2, and 100 mM NaCl). Each samplevalues for each transgenic line were calculated as the proportion
was vacuum filtered through nitrocellulose (Schleicher & Schuell;of Rspi-bearing progeny among the total progeny. All transgenic
BA85, 0.45 m). Nitrocellulose filters were washed twice with 5 mllines except for 2-RanGEF lines carried insertions on the TM3
of stop buffer and air dried. The remaining radioactivity of nonhy-chromosome. To eliminate any extrinsic viability effects on the mea-
drolyzed Ran [-32P]GTP was determined by scintillation counting.sured segregation ratios, k values were corrected for viability differ-
ences as described in McLean et al. (1994). To eliminate viability
effects with the 2-RanGEF transgenes located on the X chromo- Germline Transformation
P element-mediated transformation was modified from Spradlingsome, only male progeny (which did not receive this chromosome)
were counted for k tests. (1986). Briefly, dechorinated embryos were injected with each plas-
mid construct at 0.8 mg/ml in 5 mM KCl, 0.1 mM PO4, pH 7.8, withFor k tests in Tables 1 and 2, males from each independent trans-
genic line were individually crossed to cn bw females. Each trans- 3% Durkee green food coloring.
genic line was tested in a SD-5R7/lt pk cn or SD-5R7/cn bw genetic
background by scoring the progeny for appropriate eye color mark- Immunostaining of Testes Squashes and Salivary Gland Cells
ers. The SD-5R7 chromosome provided all the components of the Antibody staining of testes squashes was performed as in Bonac-
SD system required for distortion except Sd. For k tests in Table 3, corsi et al. (2000), with modifications. Testes were dissected in
SD males carrying 2-Ran inserted on TM3 or 2-RanGEF inserted testes buffer (183 mM KCl, 47 mM NaCl, 10 mM Tris-HCl [pH 6.8])
on the X chromosome were individually crossed to cn bw females. and squashed on a poly-L-lysine-coated slide using a silanized cov-
All k values are presented as the mean  standard deviation. erslip. Slides were frozen in liquid nitrogen and transferred to ice-
cold 100% methanol, 66% methanol in PBST (PBS with 0.1% Triton
X-100), 33% methanol in PBST and PBST (5 min each) after removingPlasmid Construction
Open reading frames of Ran, Sd-RanGAP, and wild-type RanGAP coverslips with a razor blade. Testes were fixed in 4% paraformalde-
hyde in PBS (0.13 M NaCl, 7 mM Na2HPO4, 3 mM KH2PO4 [pH 7.0])were PCR amplified and cloned into pQE30 (Qiagen). Mutagenesis
to create R87A, E189A, and D241A substitutions in Sd-RanGAP was for 5 min at room temperature, washed three times (10 min each)
in PBST and blocked in 3% BSA (bovine serum albumin) in PBSperformed by Kunkel mutagenesis (Comb, 1995). The HA epitope-
tagged version of Sd-RanGAP (Sd-RanGAP-HA) was constructed for 30 min at room temperature. Testes were incubated in primary
antibody (rabbit anti-RanGAP or mouse monoclonal HA.11) (Co-by inserting the StuI-SmaI fragment of an HA epitope cassette (Sur-
dej and Jacobs-Lorena, 1994) at position 362, just before the stop vance) at appropriate concentrations overnight at 4C and in the
secondary antibody (Alexa 488-conjugated goat anti-rabbit IgG orcodon of the p[(w Sd) 12A] genomic construct (Merrill et al., 1999).
The NES- and NESP12-appended Sd-RanGAP constructs (NES- Alexa 488-conjugated goat anti-mouse IgG) (Molecular Probes) for
2 hr at room temperature. Chromatin was stained with propidiumSd-RanGAP-HA and NESP12-Sd-RanGAP-HA) were created by in-
serting the DNA fragment that encodes the NES (LALKLAGLDI) or iodide (2 g/ml) for 20 min at room temperature. Confocal images
were collected on a MRC1024 confocal microscope (Bio-Rad).NESP12 (LALKLAGADI) from PKI (Wen et al., 1995) into Sd-RanGAP-
HA at the third residue (T) from its N terminus. To create Sd-RanGAP Antibody staining of salivary gland cells was performed as in Patel
(1994), with modifications. Briefly, third instar larvae were dissectedlacking RanGAP activity, the p[(wSd)12A] genomic fragment was
mutagenized by Kunkel mutagenesis using appropriate primers and in 1	 PBS, fixed in 2% formaldehyde PIPES buffer (0.1 M pipes [pH
6.9], 2.25 mM MgSO4 and 1.2 mM EGTA) for 30 min on ice, andcloned into pCaSpeR4. To overexpress Ran or RanGEF in a male
germline-specific manner, the open reading frame of Ran or RanGEF blocked in PBT (PBS with 0.3% Triton X-100) containing 5 mg/ml
BSA overnight on ice. Salivary glands were incubated in primary(Frasch, 1991) was PCR amplified and cloned into the testis vector
(Hoyle and Raff, 1990; Hoyle et al., 1995), which carries the testis- antibody at appropriate concentrations overnight at 4C and in the
secondary antibody for 3 hr at 4C. Chromatin was stained withspecific 2-tubulin promoter in pCaSpeR4. pUAST-NLS-NES-GFP
and pUAST-NLS-NESP12-GFP constructs were created by cloning propidium iodide for the collection of confocal images and with
DAPI (1 g/ml) for fluorescence images. Confocal images were col-the DNA fragments that encode NLS-NES-GFP or NLS-NESP12-GFP
from pKW430 or pKW431 (Stade et al., 1997) into pUAST (Brand lected as above and fluorescence images were collected with a
SPOT camera (Diagnostic Instruments) attached to a Nikon Optiphotand Perrimon, 1993). Transgenic lines carrying these GFP constructs
were generated and kindly provided by Ho Yin Edwin Chan and microscope.
Cahir O’Kane.
Nuclear Transport Assay
Salivary glands from transgenic third instar larvae carrying theRecombinant Protein Purification
Recombinant proteins were expressed in E. coli M15 carrying the Act5C-GAL4 driver and either UAS-NLS-NES-GFP or UAS-NLS-
NESP12-GFP in the appropriate genetic background were dissectedpREP4 plasmid (Qiagen). A single colony was inoculated in 1 L of
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in PBS. Localization of GFP was observed and fluorescence images Go¨lich, D., Pante, N., Kutay, U., Aebi, U., and Bishoff, F.R. (1996).
Identification of different roles for RanGDP and RanGTP in nuclearobtained using a Nikon Optiphot microscope.
protein import. EMBO J. 15, 5584–5594.
Western Blot Analysis Haberland, J., Becker, J., and Gerke, V. (1997). The acidic C-terminal
Two pairs of testes from each line were dissected in testes buffer domain of rna1p is required for the binding of RanGTP and for
and boiled in SDS sample buffer (63 mM Tris-HCl [pH 6.8], 1% SDS, RanGAP activity. J. Biol. Chem. 272, 24717–24726.
1% -mercaptoethanol, 10% glycerol, and 0.001% Bromophenol
Haberland, J., and Gerke, V. (1999). Conserved charged residues inBlue) for 10 min. Proteins were separated on a 15% polyacrylamide
the leucine-rich repeat domain of the Ran GTPase activating proteingel and transferred onto PVDF-plus membrane (Osmonics). Blots
are required for Ran binding and GTPase activation. Biochem. J.were blocked in 3% nonfat dry milk in TBS (Tris-HCl [pH 7.4], 150
343, 653–662.mM NaCl) overnight at 4C and probed at room temperature with
Hartl, D.L., and Hiraizumi, Y. (1976). Segregation Distortion. In Theappropriate primary and secondary antibodies. Blots in Figures 3A
Genetics and Biology of Drosophila, M. Ashburner and E. Novitski,and 3B were probed with rabbit anti-RanGAP antibody (Merrill et
eds. (New York: Academic Press), pp. 615–666.al., 1999) at 1:500 followed by HRP-conjugated goat anti-rabbit IgG
(Bio-Rad) at 1:3000. The blot in Figure 3C was probed with mouse Hauschteck-Jungen, E., and Hartl, D. (1982). Defective histone tran-
monoclonal antibody HA.11 at 1:1000 followed by HRP-conjugated sition during spermiogenesis in heterozygotes Segregation Distorter
goat anti-mouse IgG (Boehringer Mannheim) at 1:2000. Signal was males of Drosophila melanogaster. Genetics 101, 57–69.
generated using ECL detection reagents (Amersham RPN3004) and
Hetzer, M., Bilbao-Cortes, D., Walther, T.C., Gruss, O.J., and Mattaj,
recorded on X-OMAT film (Kodak).
I.W. (2000). GTP hydrolysis by Ran is required for nuclear envelope
assembly. Mol. Cell 5, 1013–1024.
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